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We have analyzed the cyclic nucleotide (cNMP)-binding protein and nucleotide cyclase superfamilies using

Bayesian computational methods of protein family identification and classification. In addition to the known

cNMP-binding proteins (cNMP-dependent kinases, cNMP-gated channels, cAMP-guanine nucleotide exchange

factors, and bacterial cAMP-dependent transcription factors), new functional groups of cNMP-binding proteins

were identified, including putative ABC-transporter subunits, translocases, and esterases. Classification of the

nucleotide cyclases revealed subtle differences in sequence conservation of the active site that distinguish the five

classes of cyclases: the multicellular eukaryotic adenylyl cyclases, the eukaryotic receptor-type guanylyl cyclases,

the eukaryotic soluble guanylyl cyclases, the unicellular eukaryotic and prokaryotic adenylyl cyclases, and the

putative prokaryotic guanylyl cyclases. Phylogenetic distribution of the cNMP-binding proteins and cyclases was

analyzed, with particular attention to the 22 complete archaeal and eubacterial genome sequences. Mycobacterium

tuberculosis H37Rv and Synechocystis PCC6803 were each found to encode several more putative cNMP-binding

proteins than other prokaryotes; many of these proteins are of unknown function. M. tuberculosis also encodes

several more putative nucleotide cyclases than other prokaryotic species.

Signal transduction pathways control many critical

cellular processes, including chemotaxis, differentia-

tion, proliferation, and apoptosis. For example, signal

transduction pathways are necessary for bacterial

pathogens to sense and respond to host environments,

cellular differentiation during embryogenesis, conduc-

tance of nerve impulses, and cell cycle control. Disrup-

tion of these pathways can result in neoplasia, arterio-

sclerosis, neurological and developmental abnormali-

ties, and cell death. The most common mechanisms of

signal transduction include the phosphorylation or de-

phosphorylation of effector proteins by kinases and

phosphatases, respectively, and the production of sec-

ond messengers. Cyclic nucleotides were first recog-

nized as second messengers 40 years ago. Such diverse

molecules as (p)ppGpp, Ca2+, inositol triphosphate,

and diacylglycerol have also been recognized as second

messengers since then.

The cyclic nucleotides adenosine 38,58-cyclic

monophosphate (cAMP) and guanosine 38,58-cyclic

monophosphate (cGMP) are key universal second mes-

sengers, mediating cellular functions in organisms as

phylogenetically diverse as Escherichia coli and Homo

sapiens. Intracellular concentrations of cyclic nucleo-

tides (cNMPs) are controlled by regulation of their rela-

tive rates of synthesis, excretion, and degradation

(Botsford and Harman 1992; Tang et al. 1998). The

nucleotide cyclases (adenylyl and guanylyl cyclase),

the cNMP phosphodiesterases, and the cyclic nucleo-

tide effector proteins (cNMP-binding proteins) have

been particularly intense areas of signal transduction

research, providing detailed studies of these proteins

(for reviews, see Kolb et al. 1993; Bârzu and Danchin

1994; Francis and Corbin 1994; Beavo 1995; Finn et al.

1996; Tang et al. 1998). The molecular mechanisms of

cNMP export, however, are currently unknown.

cNMP-Binding Proteins

The cyclic nucleotide-binding proteins identified in

prokaryotes consist of a small group of orthologous

cAMP receptor proteins (CRP) present only in gram-

negative bacteria of the gamma subdivision of the Pro-

teobacteria (Botsford and Harman 1992). CRP is a glo-

bal regulator belonging to the CRP/FNR (Fumarate and

Nitrate Reduction) family of prokaryotic transcription

regulators. The CRP–cAMP complex is involved in

positive as well as negative regulation of a wide variety

of promoters (Botsford and Harman 1992; Kolb et al.

1993).

Three functional classes of cyclic nucleotide-

binding proteins have been described in eukaryotes:

kinases, channels, and guanine nucleotide exchange

factors (GEFs). Cyclic nucleotide-dependent kinases
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have long been considered the primary effectors that

mediate cellular responses to changes in intracellular

cNMP concentrations (for review, see Francis and

Corbin 1994). Both cAMP-dependent kinases (cAK)

and cGMP-dependent kinases (cGK) have been de-

scribed in many eukaryotic species. A significant num-

ber of cyclic nucleotide-gated and cyclic nucleotide-

modulated ion channels are also involved in many cell

functions in eukaryotes (for review, see Finn et al.

1996). In addition, mammalian cAMP-regulated gua-

nine nucleotide exchange factors (cAMP–GEFs) that se-

lectively activate Rap1A (a Ras family G protein) were

recently described (Kawasaki et al. 1998).

All of these cNMP-binding proteins (cAK and cGK,

cNMP-regulated channels, cAMP–GEFs, and CRP)

share sequence homology in their cyclic nucleotide-

binding domains, suggesting that they share structural

similarity (Shabb and Corbin 1992). The crystal struc-

tures reported for E. coli CRP (Weber and Steitz 1987)

and bovine cAK regulatory subunit (Su et al. 1995) sup-

port this hypothesis. The cNMP-binding domain of

each of these proteins consists primarily of three a he-

lices and an eight-stranded, antiparallel b-barrel. Pro-

teins that bind cyclic nucleotides, but that are appar-

ently unrelated to the proteins described above, have

also been described (Hughes et al. 1988; Charbonneau

et al. 1990; Grant and Tsang 1990; Firtel 1996).

Whether any of these proteins share structural similar-

ity to the cNMP-binding domain of CRP and cAK

awaits structural studies.

Nucleotide Cyclases

Bârzu and Danchin (1994) described three classes of

nucleotide cyclases, and Sismeiro et al. (1998) have re-

cently described a fourth class. The largest and most

diverse class, known as class III cyclases (for review, see

Tang and Hurley 1998; Tang et al. 1998), includes all of

the known cyclases from eukaryotes—the nine identi-

fied isoforms of mammalian adenylyl cyclase, the

mammalian receptor and soluble guanylyl cyclases,

the many cyclases identified in lower eukaryotes and

fungi—as well as a number of prokaryotic cyclases. All

class III cyclases exhibit significant homology in the

catalytic region and are predicted to function as dimers

of catalytic domains. The available crystal structures

(Tesmer et al. 1997; Zhang et al. 1997) indicate that

two cyclase catalytic domains interact in a head-to-tail

fashion forming a wreathlike structure. These struc-

tures and mutational data have identified four amino

acid residues that may be involved in catalysis and two

residues that confer nucleotide specificity (Tang and

Hurley 1998). Previous classifications of the class III

cyclases have focused on their subcellular localization,

protein topology, and means of activation (Tang and

Hurley 1998; Tang et al. 1998).

We chose to examine the cNMP-binding proteins

and nucleotide cyclases using recently developed

Bayesian algorithms for multiple sequence alignment

and database searching (PROBE; Neuwald et al. 1997;

Liu et al. 1999), and classification (Classifier; Qu et al.

1998). These methods allowed us to identify many new

members and present a novel classification for these

protein superfamilies. We were able to use the volume

of experimental data available for these proteins, in

particular, X-ray crystal structures and mutational

data, to compare structure–function data with our se-

quence analysis. Classification of the cNMP-binding

protein family identified the known functional classes

of this family, as well as indicating the existence of

additional, previously unreported functional classes.

Classification of the nucleotide cyclases identified two

distinct prokaryotic classes, which may represent ad-

enylyl and guanylyl cyclases for these species. Exami-

nation of these protein families with respect to the

several complete genomes now available (22 prokary-

otes, Saccharomyces cerevisiae, and Caenorhabditis el-

egans) revealed an interesting phylogenetic distribu-

tion with implications for horizontal transfer of genes.

RESULTS

cNMP-Binding Proteins

The seed sequence used with PROBE to identify the

cNMP-binding protein superfamily was Streptomyces

griseus P3 (gi|1196910), a sporulation-specific, putative

cNMP-binding protein (J. Kwak, L.A. McCue, K. Trczi-

anka, and K.E. Kendrick, in prep.). After partial and

duplicate sequences were removed, 207 sequences

were left in the superfamily sequence set. The super-

family model consisted of three motifs, shown as se-

quence logos in Figure 1. Included in the model were

five strongly conserved glycines (Fig. 1: motif 1, posi-

tions 16, 23, and 35; and motif 2, positions 12 and 16)

believed to be important for integrity of the b-barrel

structure that forms the cNMP binding pocket (Weber

and Steitz 1987; Su et al. 1995). Also included in the

model were the glutamate (Fig. 1: motif 2, position 17)

and arginine residues (Fig. 1: motif 3, position 2) that

interact with cNMP (Weber and Steitz 1987; Su et al.

1995).

This superfamily consisted of many known cNMP-

binding proteins, including eukaryotic cAKs and cGKs,

cNMP-gated and cNMP-modulated channels, prokary-

otic CRP proteins, and a putative cAMP–GEF. Also in-

cluded in this superfamily were several prokaryotic

transcription regulatory proteins (e.g., FNR, nitrogen

fixation regulatory (FIXK), and nitrogen control regu-

latory (NTCA) proteins) that are probable paralogs of

CRP that do not bind a cNMP, and several hypothetical

sequences from the deduced proteomes of Mycobacte-

rium tuberculosis, Synechocystis PCC6803, C. elegans,

and others.
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Classification was started by first randomly divid-

ing the cNMP-binding protein superfamily into seven

classes, allowing for the six known types of cNMP-

binding proteins described in the previous paragraph

plus an extra class. PROBE was then used to multiply

align the sequences in each class at a purge cutoff of

200. Classifier was applied to these classes and their

models for a total of 16 sampling iterations, during

which PROBE was called seven times (after every two

sampling iterations of Classifier). With each call to

PROBE, the purge cutoff value was incremented by 50,

up to a maximum of 500. At convergence, seven classes

remained with seven distinct models; the final models

for the classes were made using PROBE at a purge cutoff

of 500.

Classification of this superfamily identified the

similarities and differences between classes, identifying

motifs unique to individual classes. Figure 2 is a sche-

matic representation of the motifs pre-

sent in each class. A cNMP-binding do-

main or b-barrel domain was common

to all classes, whereas domains unique

to classes included a second cNMP-

binding domain, a channel pore motif,

and a helix–turn–helix domain. Subtle

differences in the cNMP-binding do-

main were also detected between classes.

This allowed the CRP-like proteins (class

5) to form a separate class from the FNR-

like proteins (class 4), and also allowed

two separate classes to form that each

have only a cNMP-binding domain in

the class model (classes 6 and 7).

Class 1 consisted of the cNMP-

dependent kinases from many eukary-

otic species, with the class model includ-

ing regions spanning two cNMP-

binding domains. Class 2 contained

known cNMP-gated and cNMP-

modulated channels, as well as several

putative channels of unknown function

and regulation from a variety of eukary-

otes. The channel class model includes

the cNMP-binding domain and a region

believed to form the channel pore (Finn

et al. 1996). During the last classification

iteration, 10 plant channel protein se-

quences formed a separate class, class 3;

the model for this small class also in-

cludes a cNMP-binding domain and a

pore domain.

Class 4 consisted of sequences from

gram-positive as well as gram-negative

eubacteria and contained the FNR, FIXK,

and NTCA-type prokaryotic transcrip-

tion regulators. The model for this class

spans the regions important for b-barrel formation and

a helix–turn–helix. The residues that form hydrogen

bonds with cAMP in the b-barrel of CRP were not con-

served in this model, consistent with the fact that these

proteins do not bind cAMP. The CRP-type prokaryotic

regulators formed class 5, containing 16 sequences,

most of which are orthologs of E. coli CRP. The model

for this class is similar to that of class 4 (encompassing

the b-barrel of the cNMP-binding site and a helix–

turn–helix), except that those residues that contact

cAMP were conserved.

The last two classes contained many hypothetical

protein sequences that have entered the database as

the result of genome-sequencing projects. The models

for these classes included only their cNMP-binding do-

mains and encompassed several subtle variations in se-

quence conservation in this region between the classes.

Class 6 consisted of 23 sequences from prokaryotes,

Figure 1 Sequence logos of the cNMP-binding protein superfamily. Sequences
were aligned using PROBE with a purge value of 150. The average information at
conserved positions is 0.915 bits. The conserved glycines important for b-barrel for-
mation are located at: motif 1, positions 16, 23, and 35; motif 2, positions 12 and 16.
cAMP contact residues are located at: motif 2, position 17; motif 3, position 2.

McCue et al.

206 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


mainly cyanobacteria, as well as lower eukaryotes (C.

elegans and fungi). Included in this class was a C. el-

egans protein that is a putative cAMP–GEF (Kawasaki et

al. 1998). The human and rat cAMP–GEFs that were

identified recently by Kawasaki et al. (1998) were not

entered into the nr database at the time of this analy-

sis, and therefore, were not included in the cNMP-

binding protein superfamily. Class 7 contained 15 se-

quences, including many from the predicted proteome

of M. tuberculosis, our original query sequence (S. gri-

seus P3), a human esterase, and a C. elegans hypotheti-

cal protein.

Nucleotide Cyclases

The seed sequence for the cyclase superfamily was

M. tuberculosis Rv1625c (gi|2113909), a putative

adenylyl cyclase (Cole et al. 1998). After partial and

duplicate sequences were removed, 163 sequences re-

mained in the superfamily sequence set. The superfam-

ily model consisted of four motifs, shown as sequence

logos in Figure 3, and encompassed all four residues

implicated in catalysis (Liu et al. 1997; Tang and Hur-

ley 1998). An asparagine and an arginine (Fig. 3: motif

4, positions 9 and 13) are believed to be involved in

stabilizing the transition state, and two aspartate resi-

dues (Fig. 3: motif 1, position 7; motif 2, position 26)

likely bind essential metal ions (Mg2+ or Mn2+). Two

residues shown to confer nucleotide specificity to eu-

karyotic cyclases were also included in this model (Fig.

3: motif 2, position 22; motif 4, position 2). Adenylyl

cyclases have highly conserved lysine and aspartate

residues in these positions, respectively, whereas gua-

nylyl cyclases have highly conserved glutamate and

cysteine residues (Tang and Hurley 1998; Tucker et al.

1998).

This superfamily included nucleotide cyclases

from class III as described by Bârzu and Danchin

(1994): higher eukaryotic adenylyl cyclases, receptor

and soluble guanylyl cyclases, lower eukaryotic ad-

enylyl cyclases, and prokaryotic cyclases. Although

many of the superfamily proteins were previously

identified cyclases, a significant proportion of the su-

perfamily sequences (>25%) were hypothetical pro-

teins from the deduced proteomes of C. elegans (34

sequences) and M. tuberculosis (15 sequences). Most of

these C. elegans sequences are predicted cyclases

(http://www.sanger.ac.uk/Projects/C_elegans/),

whereas only five of the M. tuberculosis sequences

found are predicted cyclases (http://www.sanger.ac.uk/

Projects/M_tuberculosis/).

The classification was started by first randomly di-

viding the cyclase superfamily into six classes, allowing

for the five known types of class III cyclases described

in the previous paragraph plus an extra class. PROBE

Figure 2 Schematic representations of the cNMP-binding protein classes described in the text. (cNMP) cNMP-binding domain (b-barrel
with cNMP contact residues conserved); (b-barrel) b-barrel domain (cNMP contact residues not conserved); (kinase) kinase active site;
(pore) pore domain of ion channels; (HTH) helix–turn–helix domain.

cNMP-binding Proteins and Cyclases Classification

Genome Research 207
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


was then used to multiply align each class at a purge

cutoff of 200. Classifier was applied to these classes and

their models as above—a total of 16 sampling intera-

tions, calling PROBE after every two iterations (a total

of seven times), and increasing the purge cutoff value

by 50 (up to a maximum of 500) with each call to

PROBE. At convergence, five classes remained with five

distinct models; the final class models were made using

PROBE at a purge cutoff of 500. In this example, pro-

teins appeared to form classes due to subtle differences

in the catalytic domain, although unique domains

were also identified for two of the classes. Figure 4

shows a logo from each of the five

classes, illustrating the subtle differ-

ences in sequence conservation be-

tween classes in the region of the cata-

lytic asparagine and arginine and one

of the residues that confers substrate

specificity.

Class 1 consisted primarily of the

eukaryotic integral membrane ad-

enylyl cyclases, but also included two

M. tuberculosis sequences, Rv1625c and

Rv2435c. The model for this class in-

cluded only regions from the cytoplas-

mic domains (C1 and C2) that form the

catalytic region of the mammalian ad-

enylyl cyclases. The catalytic aspara-

gine and arginine were well conserved

in this class, as was the aspartate that

interacts with adenine (Fig. 4A, posi-

tions 30, 34, and 23, respectively).

Class 2 contained both the a and b

subunits of soluble guanylyl cyclases

from many eukaryotic species. The

class model consisted of motifs span-

ning not only the catalytic region, but

also sequences in the amino-terminal

region of these proteins possibly in-

volved in heme-binding (Hobbs 1997).

This class exhibited decreased conser-

vation of the catalytic asparagine and

arginine residues (Fig. 4B, positions 33

and 37), consistent with observations

that these critical residues are present

only on the b subunits, and het-

erodimerization of the a and b sub-

units is necessary for activity (Tang

and Hurley 1998). Figure 4B shows

conservation of the cysteine (position

26) that interacts with guanine, and

also an arginine (position 24) that may

form hydrogen bonds with guanine via

a water molecule (Liu et al. 1997).

Class 3 was the largest class and

included known and predicted recep-

tor-type guanylyl cyclases from a variety of eukaryotes.

Twenty-two proteins encoded by the C. elegans ge-

nome belong to this class, in agreement with the re-

sults of Yu et al. (1997), demonstrating the ability of C.

elegans to encode a large number of guanylyl cyclases

and implying the ability to respond to many sensory

stimuli by way of receptor-type cyclases. The class

model consisted of motifs spanning the catalytic re-

gion and also a kinase-like domain common to the

eukaryotic receptor guanylyl cyclases (Wedel and Gar-

bers 1997). The catalytic region exhibited high conser-

vation of the catalytic asparagine and arginine, as well

Figure 3 Sequence logos of the nucleotide cyclase superfamily. Sequences were
aligned using PROBE with a purge value of 150. The average information at conserved
positions is 1.126 bits. The aspartate residues that likely interact with metal ions are
located at motif 1, position 7 and motif 2, position 26. The asparagine and arginine
residues that are believed to stabilize the transition state are located at motif 4, positions
9 and 13. Two positions that contribute to substrate specificity are located at motif 2,
position 22 and motif 4, position 2. Also noted in this superfamily model were several
highly conserved glycines, which commonly contribute needed flexibility to the cata-
lytic domains of polypeptides.
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as the cysteine and arginine that likely interact with

guanine (Fig. 4C, positions 29, 33, 22, and 20, respec-

tively).

The majority of the prokaryotic cyclases belonged

to the remaining two classes. Class 4 contained se-

quences from Treponema, Stigmatella, mycobacterial,

and cyanobacterial species. The class model consisted

of motifs spanning only the cyclase catalytic domain.

Figure 4D shows that the catalytic asparagine and ar-

ginine (positions 12 and 16) were well conserved in

this class. Interestingly, class 4 exhib-

ited strong conservation of a threonine

residue at position 5 in Figure 4D—a

conservative substitution of the cyste-

ine present at this position in eukary-

otic guanylyl cyclases. There were also

conserved charged residues at posi-

tions 1 and 3 in Figure 4D, perhaps cor-

responding to the arginine believed to

interact with guanine via a water mol-

ecule in eukaryotic guanylyl cyclases.

Guanylyl cyclases have not yet been

identified in prokaryotes, although

cGMP has been detected in some spe-

cies (Botsford and Harman 1992).

Class 5 contained several M. tuber-

culosis sequences, cyclases from several

other eubacteria, the receptor-type ad-

enylyl cyclases from protozoa, and the

fungal adenylyl cyclases. This class

model also consisted of motifs span-

ning only the cyclase catalytic domain,

with conservation of the catalytic as-

paragine and arginine (Fig. 4E, posi-

tions 11 and 15), but a somewhat re-

duced conservation at the position cor-

responding to the residue presumed to

interact with the substrate purine (Fig.

4E, position 4).

The inclusion of M. tuberculosis

Rv1625c and Rv2435c in the eukary-

otic adenylyl cyclase class (class 1)

prompted us to analyze further these

protein sequences. BLAST results of

Rv1625c against the SwissProtPlus da-

tabase using the PAM70 matrix re-

vealed that the most significant hits

were to eukaryotic adenylyl and gua-

nylyl cyclases (Fig. 5A). The proteins

with alignments having the highest re-

ported bit value scores (soluble gua-

nylyl cyclase subunits from Manduca

sexta and Rattus norvegicus) had only a

single block of homology with

Rv1625c. The human adenylyl cyclase

type VIII (CYA8), however, had two

separate blocks of homology with Rv1625c (Fig. 5A),

making it a highly significant hit when the combined

bit value score of the two regions of homology is con-

sidered. Alignment of these two sequences (Rv1625c

and human CYA8) using the Bayes aligner (Zhu et al.

1998) clearly showed that the regions of homology

spanned a contiguous stretch of sequence in Rv1625c,

but two separate, distant regions of sequence in human

CYA8 (Fig. 5B), thereby encompassing all the critical

catalytic residues. The second aligned block shown in

Figure 4 Sequence logos of the catalytic region from each of the nucleotide cyclase
classes. The sequences in each class were aligned using PROBE with a purge value of 500
to obtain the class models. The average information at conserved positions for each
class model (all motifs) is class 1 (A): 1.234 bits, class 2 (B): 1.366 bits, class 3 (C): 1.458
bits, class 4 (D): 1.264 bits, and class 5 (E): 1.096 bits. The class sequences were scanned
with the class models at a purge value of 1000 to make the class logos. The class models
are aligned vertically with respect to the catalytic asparagine and arginine. A residue
that contributes to substrate specificity is indicated with +, and the catalytic asparagine
and arginine are indicated with * (see text). The significance of several highly conserved
residues amino-terminal to the catalytic asparagine and arginine in A, B, and C is un-
known and is likely because these classes consist mainly of closely related sequences.
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Figure 5B included the two metal-binding aspartate

residues of human CYA8, and the third aligned block

included the catalytic asparagine and arginine residues

of human CYA8. Similarly for Rv2435c, BLAST results

revealed significant similarity to Rv1625c (one aligned

block), as well as several eukaryotic adenylyl cyclases

that each had two separate regions of homology with

Rv2435c (data not shown). We also constructed a phy-

logenetic tree to determine how the superfamily of

cyclases, in particular Rv1625c, Rv2435c, and mamma-

lian cyclases, may be phylogenetically related (Fig. 6).

Indeed, both Rv1625c and Rv2435c grouped with the

mammalian adenylyl cyclases on a branch separate

from other prokaryotic cyclases.

Phylogenetic Distribution

In the process of identifying and classifying the cNMP-

binding protein and nucleotide cyclase superfamilies,

we observed that a number of the cNMP-binding pro-

teins did not belong to the known functional classes,

and formed new classes with only the cNMP-binding

motif in common (classes 6 and 7). We also noted that

some species had a large number of nucleotide cycla-

ses. To further investigate the potential functions of

these proteins and their phylogenetic distribution, we

examined the cNMP-binding proteins and cyclases in

our superfamilies, with respect to predicted function,

cellular localization, and species (Table 1).

cNMP-Binding Proteins

The proteins from our cNMP-binding protein super-

family were tabulated according to known or predicted

function. The majority of the eukaryotic proteins were

proteins of known function or shared clear homology

to the cAKs and cGKs or the cNMP-regulated channels.

The majority of the prokaryotic proteins were also pro-

teins of known function or with clear homology to

transcriptional regulatory proteins of the CRP/FNR

family. As expected during classification, these pro-

teins formed classes 1–5.

We performed BLAST searches and Pfam domain

searches to determine putative functions for the sev-

eral hypothetical proteins that are members of classes 6

and 7, to reveal whether there may be additional func-

tional classes of cNMP-binding proteins for which

there were too few members to form a separate class

during our classification procedure. Putative cNMP-

regulated functions that were identified were cAMP–

GEF, ABC-transporter subunits, antibiotic efflux trans-

locases, and esterases. We also identified protein se-

quences in eubacteria and Arabidopsis thaliana of <200

amino acids that each contain a single cNMP-binding

domain spanning virtually the entire protein se-

quence.

Nucleotide Cyclases

The proteins from our nucleotide cyclase superfamily

were tabulated according to known or predicted cellu-

lar localization and nucleotide specificity, because

there exists a considerable amount of data concerning

these characteristics for the eukaryotic cyclases. When

unknown, the nucleotide specificity of eukaryotic

cyclases was predicted based on the data of Tucker et al.

(1998), showing that the lysine/aspartate and gluta-

mate/cysteine residue pairs discussed above are suffi-

cient to confer adenine and guanine specificity, respec-

tively. However, because most of the prokaryotic cycla-

ses were hypothetical sequences arising from genome

projects and much less is known about nucleotide

specificity among these proteins, the prokaryotic cycla-

ses were all listed in the adenylyl cyclase rows in Table

1, although this should not be considered an assertion

about nucleotide specificity. The class I cyclases (Bârzu

and Danchin 1994) are unrelated to the cyclases in the

class III superfamily, but were included in Table 1 in a

separate row.

M. tuberculosis and Synechocystis

Among the prokaryotes, M. tuberculosis H37Rv and Syn-

echocystis PCC6803 each seemed to encode a relatively

large number of cNMP-binding proteins and nucleo-

tide cyclases. To compare these species with other pro-

karyotes, using an unbiased sample set, we compared

the prokaryotes (eubacteria and archaea) with com-

pleted genome sequences. There are currently 22 com-

pletely sequenced prokaryotic genomes, and the pre-

dicted proteomes of each of these is available from the

National Institute for Biotechnology Information

(NCBI). We constructed a sequence set of these 22 pro-

teomes (41,908 total sequences), and scanned (Neu-

wald et al. 1995, 1997) this set for cNMP-binding pro-

teins and cyclases using our superfamily models. Using

this smaller data set, no additional cyclases were de-

tected and just two additional cNMP-binding proteins

were detected (sequences that were not in the nr data-

base at the time of the original PROBE search). In ad-

dition, we scanned this data set for class I cyclases us-

ing a model developed with PROBE by aligning the

nine known class I cyclases (sequences from PROSITE

motifs PS01092 and PS01093, and the Pfam family

PF01295). Table 2 compares the results of these scans

with the currently available genome annotation.

Figure 5 (See facing page.) (A) BLASTP results given the M. tuberculosis Rv1625c protein sequence as query and SwissProtPlus as the
database, using the PAM70 matrix. (B) Bayes alignment of the Rv1625c and human CYA8 protein sequences using the PAM matrices. The
four residues implicated in catalysis (two aspartates, an aspargine, and an arginine; see text) are in red and the two residues that confer
substrate specificity are in blue.
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DISCUSSION

cNMP-Binding Proteins Superfamily

The majority of sequences in the cNMP-binding pro-

tein superfamily classified with one of the known func-

tional classes (kinases, channels, and transcriptional

regulators). These functional classes had motifs com-

mon to the superfamily (cNMP binding pocket or

b-barrel) as well as motifs unique to that class, allowing

classification based on those similarities and differ-

ences. There were, however, some unexpected findings

during this classification.

First, class 1 contained both cAKs and cGKs. cAKs

are heterotetramers composed of regulatory subunits

(represented in class 1) and catalytic subunits, whereas

the cGKs are homodimers that have the kinase active

site and cGMP regulatory sites on the same polypep-

tide. Therefore, we expected that the cAK regulatory

subunits would form a separate class from the cGKs,

which would contain a kinase domain. This did not

happen, however, likely due to the relatively few cGK

sequences, which represent only a few species, cur-

rently in the database. Such a small group of sequences

does not provide enough data to form a separate class

using our methods, particularly when they are as

highly homologous as the available cGK sequences.

We also expected that the cNMP-gated channels

and the cNMP-modulated channels could form sepa-

Figure 6 Phylogenetic tree of 60 nucleotide cyclases from our superfamily. All branch lengths were made equal. Cyclases included in
the tree are represented by their SwissProt designations; those proteins without a SwissProt name were given a similar designation in lower
case, and are as follows: cya9_human is gi|3138932, cygg_rat is gi|2833642, cya_xenla is gi|1514669, cyg_oryla is gi|1838916,
cyg3_manse is gi|3511175, cya1_mycle is gi|3097240, cya2_mycle is gi|3150100, cya_syny3 is gi|1652963, cya_trepa is gi|3322767,
except for the M. tuberculosis proteins, which are represented by their respective Rv designations.
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Table 2. Nucleotide Cyclases and cNMP-Binding Proteins in Prokaryotic Species with Available Genome Sequences

Species (strain) No. ORFs

3*–5* nucleotide cyclasesa cNMP-binding proteinsa

genome
annotationb

PROBE
class Ic

PROBE
class IIId

genome
annotatione PROBE

Archaea
Aeropyrum pernix (K1) 2694 N.F. N.F. N.F. N.F. N.F.
Archaeoglobus fulgidus (DSM4303) 2407 N.F. N.F. N.F. AF0971f N.F.
Methanobacterium

thermoautotrophicum (delta H)
1869 N.F. N.F. N.F. N.F. N.F.

Methanococcus jannaschii
(DSM2661)

1771 N.F. N.F. N.F. N.F. N.F.

Pyrococcus abyssi (GE5) 1765 PAB0653g N.F. N.F. N.F. N.F.
PAB2098g

Pyrococcus horikoshii (OT3) 1979 N.F. N.F. N.F. N.F. N.F.

Eubacteria
Aquifex aeolicus (VF5) 1522 N.F. N.F. N.F. N.F. aq_490 (fnr)

aq_2107
Bacillus subtilis (168) 4100 N.F. N.F. N.F. P46908 (fnr) P46908 (fnr)
Borrelia burgdorferi (B31) 850 N.F. N.F. N.F. N.F. N.F.
Chlamydia pneumoniae (CWL029) 1052 N.F. N.F. N.F. CPn0294h,i CPn0294h,i

Chlamydia trachomatis (serovar D) 894 CT664j N.F. N.F. CT235h CT235h

Escherichia coli (K-12) 4289 P00936 (cyaA) P00936 (cyaA) N.F. P03020 (crp) P03020 (crp)
P03019 (fnr) P03019 (fnr)
P33023 P33023

Haemophilus influenzae RD (KW20) 1707 HI0604 (cyaA) HI0604 (cyaA) N.F. HI0957 (crp) HI0957 (crp)
HI1425 (fnr) HI1425 (fnr)
HI0804h HI0804h

Helicobacter pylori k (26695) 1566 N.F. N.F. N.F. N.F. N.F.
(J99) 1491

Mycobacterium tuberculosis (H37Rv) 3918 Rv0891c N.F. Rv0386 Rv0073 Rv0073
Rv1264 Rv0891c Rv0104 Rv0104
Rv1318c Rv1264 Rv0998 Rv0998
Rv1319c Rv1318c Rv2564 Rv1675c
Rv1320c Rv1319c Rv3239c Rv2434c
Rv1359 Rv1320c Rv3617l Rv2564
Rv1625c Rv1358 Rv3676 Rv2565
Rv2212 Rv1359 Rv3728 Rv3239c
Rv2435c Rv1625c Rv3676
Rv3645 Rv1647 Rv3728

Rv1900c
Rv2212
Rv2435c
Rv2488c
Rv3645

Mycoplasma genitalium (G-37) 479 N.F. N.F. N.F. N.F. N.F.
Mycoplasma pneumoniae (M129) 677 N.F. N.F. N.F. N.F. N.F.
Rickettsia prowazekii (Madrid E) 834 N.F. N.F. N.F. N.F. N.F.
Synechocystis sp. (PCC6803) 3168 sll0646 (cyaA) N.F. sll0646 (cyaA) sll1423 sll1169

slr1991 (cyaA) sll1161 slr0449 sll1180
slr1991 (cyaA) slr0510 sll1371

slr0593 sll1423
slr0842 sll1924
slr1575 slr0449
slr1764m slr0510

slr0593
slr0607h

slr0842
slr1529
slr1575

Thermotoga maritima (MSB8) 1846 N.F. N.F. N.F. N.F. TM1171i

Treponema pallidum (Nichols) 1030 TP0485 N.F. TP0485 TP0089 TP0089
TP0995 TP0261

TP0262
TP0995
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rate classes. Instead, the two channel classes that

formed separated a small group of closely related plant

sequences (class 3) from other eukaryotic sequences

(class 2). It is likely that the sequence signals that dis-

tinguish the gated channels from the modulated chan-

nels are very subtle, and require more data for identi-

fication.

Classes 4 and 5 separated the FNR-type from the

CRP-type transcription regulators. These proteins ap-

parently have a similar b-barrel structure (Kolb et al.

1993; Fischer 1994). Both show high conservation of

the five glycines that are associated with stabilizing the

b-barrel structure. The FNR-type proteins, however,

lack the cNMP-contact residues (glutamate and argi-

nine), and are not regulated by cNMPs. Many of these

sequences were included in the superfamily purged set

(Fig. 1; purge value of 150), resulting in reduced con-

servation of the glutamate and arginine residues in the

superfamily. The FNR-type sequences remained in the

superfamily during the jackknife test, indicating that

the critical feature of this superfamily was a structural

feature (the b-barrel), which extends beyond the

cNMP-binding proteins. Interestingly, the FNR pro-

teins from Bacillus subtilis and Bacillus licheniformis

were not members of class 4, but members of class 5,

indicating the presence of the critical cNMP-contact

residues in these proteins. Most Bacillus species appar-

ently do not make cNMPs (Kolb et al. 1993); indeed,

the genome of B. subtilis does not encode a nucleotide

cyclase of the types examined here (see Table 2). There-

fore, there has been no selective pressure in these spe-

cies to drive mutation of the cNMP-contact residues in

these FNR proteins, and perhaps too little evolutionary

time since acquiring a CRP-like gene for random mu-

tations to have altered these residues.

Of particular interest were the putative cNMP-

binding proteins detected in several species that did

not classify with any of the known functional classes,

and for which no function has yet been predicted.

These proteins formed classes 6 and 7, and the proteins

within these classes shared only the cNMP-binding do-

main. One protein was a likely cAMP-GEF from C. el-

egans. Because this one cAMP–GEF was the only entry

in the database at the time, there were not enough data

for a class of cAMP–GEFs to have formed during our

classification. Using database searches, we determined

that there are likely to be additional functional classes

of cNMP-binding proteins that have not yet been de-

scribed, and had too few entries in the database to form

a class using our methods. Among these were se-

quences that appear to contain only the cNMP-binding

motif, which spans the majority of the protein se-

quence (Table 1). It is possible that these proteins are

prokaryotic and plant regulatory subunits of cNMP-

dependent kinases, regulatory subunits of some other

protein complex, or that they function to sequester

cNMPs. Also, among “other” functions of prokaryotes

in Table 1 were proteins with close homologs in several

species (members of the conserved hypotheticals), in-

dicating that there are conserved functions in prokary-

otes, yet to be elucidated, that are likely regulated by

cNMPs.

Nucleotide Cyclase Superfamily

Whereas previous classifications of nucleotide cyclases

have focused on protein topology, cellular localization,

and substrate specificity, the classification presented

here relied on subtle differences in the residues sur-

rounding the cyclase active site, as well as the presence

(See Table 2 on page 214.)
aThe SWISS-PROT identifier is given for E. coli and B. subtilis proteins; other protein designations are from the respective genome
projects.
bSRS search (SWISS-PROT, TrEMBL, and TrEMBL_NEW) and Entrez protein query for cyclase* OR adenylate_cyc* OR adenylate_cyc*.
cPROBE model for prokaryotic phosphoenolpyruvate phosphotransferase system-dependent adenylyl cyclases (see text).
dPROBE model for the cyclase superfamily examined in this study (see text).
eSRS search (SWISS-PROT, TrEMBL, and TrEMBL_NEW) and Entrez protein query for cyclic* OR cAMP* OR cNMP*.
fThe gene annotation notes that AF0971 matches the Pfam cNMP-binding model; however, it does not match the PROSITE cNMP-
binding patterns and is not detected by our PROBE cNMP-binding protein superfamily model. When a data set of only the archaeal
proteomes was scanned with the seven cNMP-binding protein class models, the only additional protein detected was AF0971, which
was detected by the class 4 (FNR/FIXK/NTCA) model.
gThe gene annotation for PAB0653 and PAB2098 notes homology to the cyaB cyclase (Sismeiro et al. 1998), which is not related to the
class III cyclases (see Discussion).
hProteins with <30 amino acids on either side of the cNMP-binding motif.
iProteins that were not entered into the NCBI nr database at the time that the superfamily proteins were recruited, and therefore were
not included in the cNMP-binding protein superfamily.
jThe gene annotation for CT664 notes homology to nucleotide cyclases, though the region of homology is to the FHA domain of a
cyanobacterial cyclase and does not extend to the cyclase domain.
kTwo strains of Helicobacter pylori have been sequenced: 26695 and J99. Neither encodes any cyclases or cNMP-binding proteins.
lRv3617 annotation notes a match to one of two PROSITE patterns (PS00888) for cNMP-binding (PS00888 and PS00889 together make
up the PROSITE cNMP-binding pattern); Rv3617 does not match the Pfam cNMP-binding model, nor is it detected by our PROBE
cNMP-binding protein superfamily model.
mslr1764 is described as a cAMP-binding protein and has some homology to D. discoideum cAMP-binding proteins (Grant and Tsang
1990) that are not related to this superfamily of cNMP-binding proteins.
(N.F.) None found.
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of unique motifs for the two classes of eukaryotic gua-

nylyl cyclases. The differences in residue conservation

of classes 1–3, illustrated in Figure 4A–C, reflected what

is currently known about substrate specificity and the

catalytic mechanism of the mammalian cyclases, spe-

cifically that (1) an aspartate or cysteine residue

(marked with + in Fig. 4) contributes to specificity for

adenine or guanine, respectively, and (2) that the

soluble guanylyl cyclases act as heterodimers, requiring

the presence of the catalytic asparagine and arginine

(marked with * in Fig. 4) on only the b-subunits (Tang

and Hurley 1998).

Our classification identified two classes of prokary-

otic nucleotide cyclases: a class that we hypothesize

may represent prokaryotic guanylyl cyclases (class 4),

and a class that likely represents prokaryotic and uni-

cellular eukaryotic adenylyl cyclases (class 5). The class

models for classes 4 and 5 spanned only the cyclase

active site; therefore, the simplest explanation for the

separation of prokaryotic cyclases into two classes is

that the adenylyl and guanylyl cyclases formed sepa-

rate classes due to differing conservation of the resi-

dues conferring substrate specificity. This view may be

oversimplistic, however, as it is based on a relatively

small number of prokaryotic cyclase sequences avail-

able during this study. When compared to the Pfam

database, many of the sequences belonging to class 4

also contained various signal tranduction-type do-

mains, including GAF (cGMP phosphodiesterase, ad-

enylyl cyclase, and FhlA), PAS (per, arnt, and sim), FHA

(forkhead-associated), and response regulator receiver

domains (http://pfam.wustl.edu/; data not shown),

suggesting novel modes for regulating the activity of

these prokaryotic cyclases.

When tabulating this superfamily, the predicted

cellular localization and nucleotide specificity of the

eukaryotic cyclases in Table 1 conformed to experi-

mental observations. All of the cyclases from multicel-

lular eukaryotes belonged to one of the previously

identified groups: (1) integral membrane adenylyl

cyclases with 12 transmembrane helices and 2 cyto-

plasmic domains, (2) receptor-type guanylyl cycla-

ses,and (3) cytoplasmic guanylyl cyclases. The se-

quences from single-celled eukaryotes were previously

identified or predicted adenylyl cyclases (see Table 1)

that have been described (Tang and Hurley 1998): pro-

tozoan cyclases are receptors, fungal cyclases are pe-

ripheral membrane proteins, and Dictyostelium dis-

coideum has one integral membrane and one receptor-

type cyclase. Even for the two eukaryotes for which

complete genome sequences are available, no cyclases

of a previously unrecognized type were detected in the

PROBE superfamily.

However, a significant number of proteins among

the prokaryotic cyclases were predicted to be integral

membrane cyclases, with topology similar to the mam-

malian adenylyl cyclases (six transmembrane helices

and a single cytoplasmic domain), and receptor-type

cyclases. Prokaryotic receptor-type nucleotide cyclases

have been identified previously only in cyanobacteria

(Katayama and Ohmori 1997), and putative prokary-

otic integral membrane cyclases have been reported in

Stigmatella aurantiaca (Coudart-Cavalli et al. 1997) and

M. tuberculosis (Tang and Hurley 1998), although how

the activity of these enzymes is regulated is unknown.

Archaea

The phylogenetic distribution of both the cNMP-

binding protein and cyclase superfamilies indicates an

early origin for these proteins, perhaps before the evo-

lutionary separation of the eubacteria from the eukary-

otes. Also, the absence of archaeal proteins in our su-

perfamilies suggests either that these proteins were lost

from the archaea or evolved after the separation of the

archaea from the eubacteria and eukaryotes.

The lack of nucleotide cyclases (class I and class III)

and cNMP-binding proteins in the archaea suggests

that the archaea either do not use cNMPs as second

messengers or produce and bind cNMPs by mecha-

nisms different than those described here. Mechanisms

for the production of cNMPs that are unrelated to the

class III cyclases have been described. The class I cycla-

ses of the gamma Proteobacteria (Bârzu and Danchin

1994), the class II cyclases of Bacillus anthracis, Borde-

tella pertussis, and Pseudomonas aeruginosa (Bârzu and

Danchin 1994; Yahr et al. 1998), and the novel cyclases

of Aeromonas hydrophila (Sismeiro et al. 1998) and Pre-

votella ruminicola (Cotta et al. 1998) have no apparent

sequence similarity to each other or to the class III

cyclases, suggesting that at least five different mecha-

nisms have evolved for cNMP production. Sismeiro et

al. (1998) reported that some archaeal species encode

proteins that are members of a class of cyclases unre-

lated to the class III cyclases, although nucleotide cy-

clase activity has not yet been demonstrated in the

archaea. Alignment of the nine putative members of

this new cyclase class with PROBE (alignment available

at http://www.wadsworth.org/resnres/bioinfo/) re-

vealed several conserved motifs over the length of the

sequences, and therefore did not suggest functionally

significant regions.

Given the results of Sismeiro et al. (1998) indicat-

ing the presence of archaeal cyclases, the absence of

archaeal proteins in our cNMP-binding protein super-

family remains puzzling. The available gene annota-

tion indicates the presence of a cNMP-binding motif in

the Archaeoglobus fulgidus protein AF0971 (Table 2). To

resolve this discrepancy, we performed additional

scans of the archaeal proteomes with the PROBE mod-

els for the seven cNMP-binding protein classes. AF0971

was detected by the class 4 model (Fig. 2), suggesting

that it may be distantly related to the FNR-type regu-
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latory proteins, and is unlikely to bind a cNMP. No

other archaeal proteins were detected by these scans.

BLAST database searches of the available sequence data

also failed to detect any archaeal proteins with homol-

ogy to other known cNMP-binding proteins, including

the extracellular cAMP receptors and novel cAMP-

binding proteins of D. discoideum (Grant and Tsang

1990; Firtel 1996), DnaA of E. coli (Hughes et al. 1988),

and cGMP-binding cyclic nucleotide phosphodiester-

ases (Charbonneau et al. 1990). The possibility remains

that the archaea have evolved a completely different

mechanism than those described here to produce and

bind cNMPs.

M. tuberculosis

M. tuberculosis and Synechocystis both appear to have an

unparalleled number of putative cNMP-binding pro-

teins, although Synechocystis encodes relatively few

cyclases. The functions of only half of these cNMP-

binding proteins could be predicted by homology

(Table 1). The large number of cNMP-binding proteins

in both M. tuberculosis and Synechocystis suggests a pre-

viously unappreciated importance of cNMPs to these

species and perhaps to other eubacteria.

The M. tuberculosis proteins in the cyclase super-

family were of particular interest for several reasons:

the large number (15) of M. tuberculosis proteins in this

superfamily, the presence of predicted cytoplasmic (9),

receptor-type membrane bound (1), and integral mem-

brane (5) cyclases, and two M. tuberculosis proteins

(Rv1625c and Rv2435c) classified with the multicellu-

lar eukaryotic adenylyl cyclases during our classifica-

tion of this superfamily.

The large number of putative cyclases in M. tuber-

culosis implies that this organism may have the ability

to sense and respond to many intracellular and extra-

cellular signals through the cNMP second messenger

system, perhaps in a manner similar to eukaryotic

cyclases. M. tuberculosis encodes a number of putative

cytoplasmic cyclases, which could respond to intracel-

lular signals in a manner similar to the eukaryotic

soluble guanylyl cyclases (nitric oxide) or the class I

cyclases (nutrient availability). M. tuberculosis also en-

codes a putative receptor-type cyclase, similar in topol-

ogy to the eukaryotic receptor guanylyl cyclases, im-

plying the ability to sense an extracellular signal. The

extracellular domain of this protein (Rv2435c) has ho-

mology to a chemotaxis receptor in Desulfovibrio vul-

garis for which the ligand is unknown (Deckers and

Voordouw 1996). Also present in M. tuberculosis were

putative integral membrane cyclases similar in topol-

ogy to the multicellular eukaryotic adenylyl cyclases.

This raises an interesting possibility that M. tuberculosis

could respond to extracellular signals in a manner

similar to the mammalian cyclases, by using GTPases

(G proteins) or other intermediary proteins in a signal

cascade at the inner membrane surface. Considering

the large number of M. tuberculosis proteins identified

in the cyclase superfamily, it is also a possibility that

this organism could use cNMPs as intercellular messen-

gers in a manner similar to D. discoideum. We have not,

however, identified any M. tuberculosis proteins with

homology to the D. discoideum cAMP receptor proteins.

Although it is not known whether a M. tuberculosis

cyclase activity is necessary for pathogenesis, it has

been reported that macrophages with ingested myco-

bacteria have increased levels of cAMP and that phago-

some–lysosome fusion is impaired (Lowrie et al. 1975,

1979). A link between cAMP levels and pathogenesis

has been demonstrated previously—the adenylyl cy-

clase toxin (ACT) of B. pertussis is able to cause unregu-

lated cAMP production in the host cell, an ability that

is necessary for pathogenicity (Gross et al. 1992). In

addition, Masure (1993) demonstrated that ACT cy-

clase activity contributes to intracellular survival of B.

pertussis in macrophages, perhaps by inhibiting critical

phagocyte activities (chemotaxis and oxidative re-

sponse) with elevated cAMP levels in the macrophage.

Our results, combined with these data, suggest an im-

portant role for cNMPs to M. tuberculosis.

Phylogenetic Analysis of the Cyclases

Phylogenetic analysis of the nucleotide cyclases gave

similar results as our classification, showing five major

groups of cyclases and, in particular, placing the M.

tuberculosis proteins Rv1625c and Rv2435c on a branch

with the eukaryotic adenylyl cyclases. Our alignment

of Rv1625c with a human cyclase further illustrates the

surprising degree of sequence similarity between these

proteins from such distant organisms. These results

suggest a possible horizontal transfer event, an event

that could have given an ancient mycobacterium a sur-

vival advantage as mycobacterial species were becom-

ing pathogens of eukaryotes. Preliminary sequence re-

sults indicate that a Rv1625c ortholog is present in

other pathogenic mycobacterial species, supporting

this notion that a common ancestor of pathogenic my-

cobacteria acquired the gene. Unfortunately, there are

no current genome sequencing projects for nonpatho-

genic mycobacterial species, therefore we could not

confirm the absence of a Rv1625c ortholog in any of

these species to support our hypothesis.

The sequence databases have been expanding rap-

idly in recent years, and with the currently ongoing

genome sequencing projects— >50 prokaryotic ge-

nomes, >10 unicellular eukaryotic genomes, as well as

multicellular eukaryotic genomes such as H. sapiens,

Mus musculus, Drosophila melanogaster, and A.

thaliana—these databases will continue to expand ever

more rapidly. These genome sequencing projects have

produced large amounts of sequence data that are not

derived from the traditional hypothesis-driven scien-
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tific process. Although these sequence data are pro-

vided without evidence of protein function, mutant

phenotypes, etc., which come from hypothesis-driven

research, they do allow scientists an opportunity to

view an organism as a whole, to consider the entire

coding capacity of a cell, and conduct research that is

data driven. We chose to analyze the cNMP-binding

proteins and nucleotide cyclases in the light of the

completion of several prokaryotic genomes and two

eukaryotic genomes. The genome projects have con-

tributed considerable data to these protein families,

and our application of Bayesian protein family classi-

fication methods to analyze these growing protein

families revealed previously unrecognized, potentially

important roles for cNMPs in M. tuberculosis and Syn-

echocystis.

METHODS
Database mining and multiple sequence alignments were per-
formed with PROBE (Liu et al. 1999; Neuwald et al. 1997).
PROBE uses a purge procedure based on the BLOSUM62 ma-
trix to remove closely related sequences before creating the
alignment model. The PROBE alignment model is “superlo-
cal,” aligning only functionally constrained regions of the
proteins and ignoring all other regions. Superfamily members
were identified and aligned using PROBE to mine the NCBI
nonredundant database (272,992 sequences) using a single
seed sequence (the query) to start and a default purge cutoff of
150. Partial and duplicate sequences were removed from the
superfamily sequence set and the remaining sequences re-
aligned using PROBE. Alignment of a set of sequences was
done by giving PROBE the set of sequences as both the query
and the database, and the resulting alignment called the su-
perfamily model. Sequence logos (Schneider and Stephens
1990) of the alignment models were made using WebLogo
(http://www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi).

Classification of the superfamily sequences was per-
formed with the Bayesian sequence Classifier (Qu et al. 1998),
a recently developed procedure that iterates between an align-
ment step, which uses PROBE, and a classification step, which
uses the predictive update version of the Gibbs sampler (Liu et
al. 1995). Briefly, sequences were divided into an empirically
determined number of classes, typically allowing at least 25
sequences per class, and the sequences in each class were mul-
tiply aligned using PROBE. During the classification step, each
sequence was removed from its class (and class model) one at
a time and reassigned to a class in proportion to the posterior
probability of class membership. Iteration between alignment
and classification continued until convergence. The final class
models were then made using PROBE to align the sequences.
The initial number of classes need not be equal to the final
number of classes—at convergence classes may be empty. This
procedure separates a superfamily of proteins into classes,
identifying the sequence similarities and differences between
classes.

A jackknife procedure was used to detect false-positive
members of the superfamilies. After classification of a super-
family, the members of a class were removed from the super-
family, the remaining members of the superfamily aligned
using PROBE (with a purge value of 150), and the resulting
model used to scan the nr database. A class was considered to

contain false positives and discarded if at least one of the class
members was not detected by this reduced model (E-value
#0.01, all BLOSUM scores >200). This procedure was carried
out for each class in a superfamily, but no classes were dis-
carded.

The cellular localization of hypothetical proteins was
predicted using TMHMM, which uses hidden Markov models
to predict transmembrane helices (Sonnhammer et al. 1998;
http://www.cbs.dtu.dk/services/TMHMM-1.0/), and TMPRED,
which predicts transmembrane helices using weight matrices
based on known transmembrane proteins (http://
www.ch.embnet.org/software/TMPRED_form.html).

Pairwise sequence alignment was performed with the
Bayes aligner (Zhu et al. 1998), a procedure designed to align
only those regions that are conserved (local alignment) with-
out having to set a gap penalty or specify a scoring matrix.
The two sequences (the query and the data) were aligned us-
ing the PAM matrices (PAM 40–300).

Phylogenetic trees were constructed using PHYLIP (Fel-
senstein 1993). The sequences to be included were multiply
aligned with PROBE as described above. The phylogenetic tree
was inferred using the protein distances (PROTDIST) and
neighbor-joining (NEIGHBOR) methods; the unrooted tree
was drawn using DRAWTREE.
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